Recently, nano/micro-scale Fe-based ferrites with high electrochemical performances have attracted extensive attention. However, almost all the mixed Fe-based oxide research paid close attention to the crystalline phase, despite the low-crystalline or amorphous phase possessing excellent electrochemical performance. Herein, a low-crystalline mesoporous cobalt ferrite and carbon composite (L-CoFe 2 O 4 /C) material with high surface area and superior electrical conductivity was prepared via a simple citric acid assisted sol-gel approach and calcination process. The L-CoFe 2 O 4 /C electrode exhibits an unprecedented specific capacitance (600 F g À1 at 1 A g
Introduction
Owing to the increasing and urgent concern about environmental pollution and the rapidly growing demand for clean energy generation and storage, advanced energy storage devices such as supercapacitors and rechargeable batteries have received much attention in recent years. [1] [2] [3] [4] [5] Because of the high power density, fast charging-discharging rate and excellent cycling stability, supercapacitors have drawn great research recognition as one of the most favorable candidates for the next generation of energy storage devices, such as portable electronics, medical devices and other back-up power devices. 6, 7 However, the low energy density of supercapacitors greatly hinders their further practical applications. Therefore, there is an urgent need to explore high performance supercapacitors with high power and energy density. 7, 8 According to the energy calculation formula E ¼ 1/2CV 2 , the energy density of supercapacitors can be improved by increasing the capacitance (C) of the electrode material, the operation voltage window (V), or both. 9 Thus, the physical and chemical properties of electrode materials are of great importance. Moreover, the incorporation of carbon materials not only facilitates the enhancement of the specic capacitance of the composites, but also results in a higher electrical conductivity and better structural mechanical stability than those of the monomers. 10 When combined with carbon-based electrodes to construct asymmetric supercapacitors, the operation voltage window of supercapacitors can be further enlarged.
11,12
Among various pseudocapacitor electrode materials, spinel ferrites have attracted great interest due to their remarkable catalytic, magnetic, optical, and electrical properties.
13-15
Recently, MnFe 2 process, the specic capacitance of the composite at a high current density was still very low (329.8 F g À1 at 3 A g À1 ). 25 The reported CoFe 2 O 4 nanostructures for the pseudocapacitors presented unsatisfactory electrical properties, probably due to the intrinsic low electrical conductivity, severe aggregation of the nanoparticles and large volume variation during the charging/discharging process. [24] [25] [26] 30, 31 Therefore, the electrochemical properties of CoFe 2 O 4 nanostructures should be enhanced and the complex fabrication strategies should be simplied. 26 What's more, the reported energy densities still need further improvement.
To solve the aforementioned issues, two strategies can be utilized: rstly, the particle size can be decreased to nanometer size, or nanocomposites with sufficient space and higher electrical properties to buffer the volume change and enhance the conductivity can be designed and fabricated; 32 secondly, the mass balance between the positive and negative material can be optimized, which is crucial to the modication of the nal energy density.
33
Herein, we report a mesoporous low-crystalline cobalt ferrite oxide combined with carbon (L-CoFe 2 O 4 /C) as an asymmetric supercapacitor electrode material, synthesized via a citric acid assisted sol-gel method and heat treatment process. The high surface area of the mesoporous L-CoFe 2 O 4 /C can provide additional pores and spaces for an electrolyte to diffuse with low transfer limitation. The introduction of carbon in the composite material facilitates electron transfer within the framework, which can signicantly improve the electrode material's conductivity. The detected oxygen vacancies and the low crystalline nature in the electrode material were found to improve the wettability and expose more active sites which are accessible for the electrolyte on the surface, which allows the reversible redox reaction to take place at the interface of the electrode material and the electrolyte. The obtained L-CoFe 2 O 4 /C supercapacitor electrode material displayed excellent specic capacitances, great structural stability and good cycling stability, which exceed those of some of the previously reported complex Fe-based electrodes as well as their crystalline counterparts. Additionally, the L-CoFe 2 O 4 /C-based asymmetric supercapacitor exhibited a higher electrochemical performance than that of the majority of mixed Fe-based asymmetric and symmetric supercapacitor devices reported in the literature.
This work could pave a new way for the fabrication of advanced low-crystalline Fe-based electrode materials for high performance supercapacitors. Assembly of the L-CoFe 2 O 4 /C//AC asymmetric supercapacitor
The prepared AC electrode and the L-CoFe 2 O 4 /C electrode were directly used as negative and positive electrodes. 2 M KOH solution was used as an electrolyte. A full cell was assembled with the above mentioned two electrodes, and one piece of porous polymer membrane was used as the separator.
Characterization
The X-ray diffraction (XRD) patterns of the samples which were thoroughly ground in a mortar were collected using a Bruker D8 diffractometer with Cu-Ka radiation, l ¼ 1.5418Å. The morphology and microstructure of the samples were investigated using scanning electron microscopy (SEM Hitachi, Japan, 30 kV) and transmission electron microscopy (TEM Hitachi H-800, Hitachi Corp). HRTEM images were recorded on a TSL, AMETEK high-resolution transmission electron microscope. The vibrational properties were characterized by Raman scattering (T6400, excitation-beam wavelength: 514.5 nm). X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos AXIS Ultra DLD. The thermal stability of the samples was measured by thermal gravimetric analysis (TGA) under owing air at a heating rate of 10 K min À1 on the TA Instrument SDT Q600. A Quantachrome Autosorb 6B system was used to characterize the specic surface areas and pore structures of the electrode materials. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specic surface area of each sample.
Electrochemical measurements
Electrochemical tests were conducted with 2 M KOH aqueous solution as the electrolyte at ambient temperature. The electrodes were measured in a three-electrode electrochemical cell, where the as-synthesized material was used as the working electrode, and the reference electrode and the counter electrode were a Hg/HgO electrode and a platinum plate, respectively. The specic capacitances of the asymmetric supercapacitor were measured in a two-electrode system. Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were performed on a CHI-660E electrochemical workstation at room temperature. The electrochemical impedance spectrum (EIS) of the material was obtained in the frequency range of 100 kHz to 0.01 Hz with an AC potential amplitude of 5 mV and zero DC voltage. The specic capacitances (C s ) of the electrodes can be calculated using eqn (1):
where I (A), Dt (s), and DV (V) represent the discharge current, the discharge time, and the potential window, respectively, and m (g) designates the mass of the active material in the working electrode. The specic capacitance (C (F g À1 )), energy density (E (W h kg À1 )) and power density (P (W kg À1 )) of the asymmetric supercapacitor were calculated based on eqn (2)-(4):
Results and discussion
As shown in Scheme 1, the formation mechanism of the mesoporous CoFe 2 O 4 and L-CoFe 2 O 4 /C composite samples can be illustrated as follows: rstly, the salts of cobalt ions and iron ions were mixed together to form a uniform solution. Then, citric acid was used as a chelating agent to coordinate to the metal ions and enhance the speed of the chemical reaction. It is worth mentioning that the presence of citric acid in the reaction plays a crucial role in the formation of the CoFe-precursor. 38 The citric acid produces abundant carboxyl groups in the hydrolyzation process, in a role that is similar to that of trisodium citrate dehydrate. [39] [40] [41] Aer that, a gel of the CoFe-precursor was obtained by evaporation of water, and the complex of ferric citrate and cobalt citrate as the main carbon resources is obtained. When annealed at low temperature, the CoFe-precursor decomposed into carbon dioxide and water with a large amount of carbon le due to the fractionated pyrolysis and oxidation of the 3D CoFe-precursor at a high heating rate of 10 C min À1 in a limited reaction time, which produced the mesoporous structure and the carbon framework. At the same time, defects, such as oxygen vacancies, can be generated in the inverse spinel structure of CoFe 2 O 4 . It is noted that if the precursor is heated at a high temperature, the remaining carboxyl groups are directly converted into carbon dioxide. Therefore, the porous carbon framework is destroyed. This deduction can be veried from the TG and DSC analysis in Fig. S1 . † The analysis was conducted in a temperature range from 40 C to 800 C at an annealing rate of 10 C min À1 . Two obvious weight losses occurred in the temperature ranges of 100 C to 200 C and 270 C to 360 C, corresponding to the loss of free water and crystalline water, and the decomposition of the metal complex, respectively. The fastest weight loss rate was seen at 320. This may be attributed to the enlarged average pore diameters and the decreased specic surface area and pore volume of the samples, which is veried by the BET result described later.
The surface areas, pore volumes and average pore sizes of the samples were investigated using the nitrogen adsorption/ desorption technique (Fig. S3 †) . The data are summarized in Table 1 . The sample of L-CoFe 2 O 4 /C exhibited a type IV isotherm with an obvious hysteresis loop as shown in Fig. S3a These results may be ascribed to the higher degree of crystallinity during the temperature rise, which signicantly enhances the pore sizes at the cost of decreasing the surface area and pore volume. improving the electrochemical performance by reducing the ion transport limitation in electrodes. (Fig. 1f-i) . The tightly connected carbon around CoFe 2 O 4 can not only be regarded as the framework of the composite, but also to facilitate the electron transport and nally enhance the electrical conductivity. Fig. 2a shows the XRD patterns of the as-prepared nanostructures annealed at various temperatures. The sample without heat treatment shows no peak at the diffraction angles ranging from 10 to 80 , proving the amorphous nature of the XPS was performed to investigate the change of surface bonding energy, as well as the electronic valence band position of the samples. Fig. 2b shows a full-survey-scan spectrum of the samples. Co, O, and Fe can be obviously identied with the binding energies of Co 2p, O 1s, and Fe 2p electrons, revealing the presence of CoFe 2 O 4 samples (Fig. 2c-e) . Meanwhile, the O 1s XPS signal in Fig. 2e reveals the different coordination environment of the O 1s species. The main peak (O1) at around 530 eV and the other weak peak (O2) at about 532 eV are attributed to the typical metal-oxygen bonds and the defects with low oxygen, respectively (Fig. 2f) . Moreover, the two tting peaks of L-CoFe 2 O 4 /C and CoFe 2 O 4 -700 indicate that both of them can be resolved into two Gaussian peaks. The high peak area ratio for L-CoFe 2 O 4 /C indicates a larger amount of defects such as oxygen vacancies at the surface, which can signicantly improve the conductivity and accelerate the kinetics of surface redox reactions, and thus will enhance the energy storage performance.
13,49
With the advantages of the internal mesoporous structure and low crystalline nature of L-CoFe 2 O 4 /C, the as-obtained LCoFe 2 O 4 /C sample can be used as an electrode material for supercapacitors to provide remarkable energy storage properties. Fig. 3a shows the CV curves of the L-CoFe 2 O 4 /C electrode at different scan rates in the potential range of 0 to 0.5 V. The CV curves with a couple of redox peaks imply that the capacitance characteristics are mainly controlled by faradaic reactions.
50,51
Even at higher scan rates, the CV curves retained a typical pseudocapacitive behavior, indicating an excellent electrochemical performance. The redox process may be:
Moreover, the pair of redox peaks is nearly symmetrical, revealing great reversibility of the redox reactions in the electrode. The current density increased along with the increase of scan rate with a minor shape change, indicating good kinetic reversibility. 52 The redox peaks of the bare Ni foam (Fig. S5 †) were observed, but the small specic capacitance suggests a negligible contribution of Ni foam to the overall capacitance.
As shown in Fig. 3b , the galvanostatic charge-discharge (GCD) measurements of the L-CoFe 2 O 4 /C electrode were obtained at various current densities, and they further demonstrate the pseudocapacitor nature of the material. , respectively. In addition, the maximum specic capacitances of the four CoFe-based electrodes were calculated to be 600, 450, 428 and 404 F g À1 at a current density
Obviously, L-CoFe 2 O 4 /C exhibited the best specic capacitance. We deduced that the higher crystallinity aer the annealing process may hinder the electron diffusion between the active materials and current collectors. 33, 46 The excellent specic capacitances are superior to those of some of the reported CoFe 2 O 4 and MnFe 2 O 4 based electrodes (Table  2) . 17, 25, 30, 31, 47 In order to further explain the obvious difference in specic capacitances among the three electrodes, electrochemical impedance spectroscopy (EIS) analysis was performed, as shown in Fig. 3e . The electrolyte diffusion impedance (R s ), charge transfer resistance (R ct ) and Warburg resistance (Z w ) showed similar tends in all of the samples at a lower frequency. Interestingly, as the annealing temperature increased, the interfacial R ct also increased from 0.42 U to 0.67 U, 0.85 U and 17.3 U. It can be inferred that the L-CoFe 2 O 4 /C electrode possessed a smaller resistance with a good ion response and superior electronic conductivity compared to the CoFe 2 O 4 -400, CoFe 2 O 4 -700 and CoFe-precursor electrodes. In addition, the small value of R s shown in the inset of Fig. 3e , also pointed toward the same trend, and validated that the L-CoFe 2 O 4 /C electrode retained better capacitive behavior with lower diffusion resistance compared to the other two samples. 53 The superior conductivity of the L-CoFe 2 O 4 /C electrode can be attributed to the existence of graphitized carbon in the composite. As shown in Fig. 3f , the cycling stability of the asobtained L-CoFe 2 O 4 /C electrode material was evaluated by repeated charging-discharging measurements at a current density of 6 A g À1 for 1000 cycles. A gradually decreasing trend was observed aer 1000 cycles and 80.8% of the initial capacitance was retained, indicating better cycling lifespan and excellent electrochemical activity. The decline of the specic capacitance for L-CoFe 2 O 4 /C might be due to mechanical expansion derived from the repeating ion intercalation/ deintercalation on the surface of the electrode materials.
54
In brief, the excellent electrochemical properties of the LCoFe 2 O 4 /C electrode can be rstly attributed to the lowcrystalline mesoporous structure, which may promote electrolyte access and provide more channels for ion and electron transfer. Moreover, the low crystallinity, as well as the void spaces, may facilitate the transportation of electrolyte ions and withstand the volume change during the charge/discharge process. Thirdly, the oxygen vacancies of the L-CoFe 2 O 4 /C can expose more active sites which are accessible for the electrolyte, which is helpful for the redox reactions. In addition, the existence of a large amount of carbon all over the complex can lead to better electron conductivity, which results in an enhancement of the electrochemical properties. To achieve high energy density and power density simultaneously, an asymmetric supercapacitor was fabricated by utilizing the L-CoFe 2 O 4 /C electrode as the anode. Activated carbon was chosen as the cathode due to its stable electrochemical performance (Fig. S6 †) . The specic capacitances of the activated carbon electrode were calculated from its GCD curves, and it exhibited a maximum specic capacitance of 328 F g À1 at 0.2 A g À1 , which is more competitive than those of the reference supercapacitors.
55-57
The schematic illustration of the L-CoFe 2 O 4 /C//AC asymmetric supercapacitor conguration is shown in Fig. 4a . The mass balance is calculated using the following equation, where C represents the specic capacitance and DV is the potential range during the charge/discharge process for the anode (+) and cathode (À), respectively. The obtained mass ratio between the positive and negative material is ca. 0.65.
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According to their respective potential windows, the operating potential window of the asymmetric supercapacitor can be extended to 1.6 V due to the contribution of both the anode and cathode materials. Fig. 4b shows the CV curves of the LCoFe 2 O 4 /C//AC asymmetric supercapacitor at various scan rates. It was obvious that all of the curves of the asymmetric supercapacitor maintained the same shapes without gradual deviation, showing the excellent supercapacitive performance. The GCD curves of the as-assembled L-CoFe 2 O 4 /C//AC asymmetric supercapacitor shown in Fig. 4c at current rates from 0.25 to 2.0 A g À1 prove the supercapacitive behaviors. The supercapacitor delivered a maximum specic capacitance of 160 F g À1 at 0.25 A g À1 (Fig. 4d) . This value is signicantly better than that of previously reported supercapacitors ( 20 The coulombic efficiency of the L-CoFe 2 O 4 /C//AC asymmetric supercapacitor shown in Fig. S7 † remains at about 95.5% during the charge/ discharge process. Two L-CoFe 2 O 4 /C//AC supercapacitors in series can easily illuminate two commercial light-emitting diode (LED) indicators (Fig. 4e) , suggesting good electrochemical properties for energy storage applications.
The energy/power densities were calculated from eqn (2) (Fig. 4f) . A rough comparison of the energy/power densities shown in Fig. 4f and listed in Table 2 62 Fig. S8 † shows the cycling life of the L-CoFe 2 O 4 /C//AC asymmetric supercapacitor at a current density of 1 A g À1 . The specic capacitance was still about 76.6% aer 800 charge-discharge cycles, demonstrating the superior cycling stability. The morphology and structure of the anode material are also preserved aer over 800 cycles (inset of Fig. S8 and S9 †) . These combined results demonstrate the outstanding performance of the L-CoFe 2 O 4 /C//AC asymmetric supercapacitor and the electroactive material in practical applications.
Conclusions
In summary, the mesoporous low-crystalline CoFe 2 O 4 /C nanostructures were prepared by a facile citric acid assisted sol-gel approach and further heat treatment process. The mesoporous L-CoFe 2 O 4 /C composite displays a high surface area and superior electronic conductivity. Compared with the amorphous CoFe-precursor and the crystalized CoFe 2 O 4 electrodes, the obtained mesoporous L-CoFe 2 O 4 /C electrode exhibits an excellent electrochemical performance, which can be attributed to the low-crystalline mesoporous structures, oxygen vacancies and carbon combination of the L-CoFe 2 O 4 /C. In addition, an LCoFe 2 O 4 /C//AC asymmetric supercapacitor exhibits high energy density and power density, and exceeds most of the reported mixed Fe-based symmetric and asymmetric supercapacitors. The wide availability and great electrochemical properties of mesoporous L-CoFe 2 O 4 /C, combined with our convenient approach, make it appropriate for high performance energy storage devices in the future.
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